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1. Introduction

The Second Generation Preapitation Radar (PR-2) is a dual-frequency, Dopger, dual-
polarization radar system. PR-2 was operated onthe NASA DC-8 aircraft during the
Fourth Convedion and Moisture Experiment (CAMEX-4). Datawere ollected onall
13 CAMEX-4 flights and have been calibrated and processed. This user’s guide
describes the PR-2 instrument and the data wllected duing CAMEX-4. Thisversion o
the datais cdled 0.9to indicate the preliminary nature of the data. Users $houd contact
the PR-2 team prior to using the data. A revised version d the data (v1.0) will be
delivered at alater date.
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Fig. 1. PR-2 operational geometry onthe NASA DC-8 aircraft.
Antennais <anned in crosstradck plane.

2. PR-2 Description

Thelaunch of the Tropicd Rainfal Measuring Misson (TRMM) satellite[1] in late 1997
has made agrea stride towards understanding the global structure of preapitation. The
Predpitation Radar (PR) aboard the satellit e is the first-ever spaceborne radar dedicated
to threedimensional, global precipitation measurements over the tropics and the
subtropics.

Because of the TRMM success afollow-on misson, cdled the Global Preadpitation
Misson (GPM), is currently being planned to extend the TRMM 's instrument capabili ty
in such away to fully addressthe key science questions from microphysical to climatic
timescde. The baseline GPM configuration includes a high-resolution, wide-swath



scanning, dual-frequency radar. A seandgeneration dual-frequency precipitation radar
(PR-2), which could be used for GPM or foll ow-onsto GPM has been designed [2]. This
system includes digital, real-time pulse @mmpresson, extremely compad RF eledronics,
and alarge deployable dual-frequency cylindrical parabadlic antenna subsystem. The
antennaisfed by alinea adive aray for eledronic bean scanning.

To demonstrate many of the key PR-2 techndogies and designs, an airborne version o
PR-2 has been developed. The arborne PR-2 system includes areal-time pulse
compresson pocessor, afully-functional control and timing unit, and avery compact
LO/IF modue, al of which could be used in spacésorne gplicaions. The gylindrical
reflector antenna and linear feed array for the spaceborne PR-2 have been replaced by
traveling wave tube amplifiers (TWTAS), front-end eledronics, and an off set parabadlic
reflector antenna with mechanica scanning. The arborne PR-2 operational geometry is
shown in Fig. 1; it looks downward and scans its beam acrosstrack, with each scan
beginning at 25 degrees to the left of nadir and ending at 25 degreesto theright. It uses
the same scanning antenna reflector as that used for the Airborne Rain Mapping Radar
(ARMAR) [3]; it consists of a 0.4 m off set reflector antenna with a mechanically scanned
flat plate. For PR-2 the 13.8GHz antenna feed has been replaced by a dua-frequency
feal (13.4and 35.6GHz) and the gerture & 35.6 GHz is under-ill uminated to provide
matched beams at the two frequencies. This choiceresultsin poa Dopger accuracy at
Ka-band, bu is needed for rain retrieval. Table 1 shows the parameters for the arborne
PR-2.

The RF circuitry can be divided into two caegories: circuits operating at frequencies of
lessthan 1.5GHz and circuits operating at frequencies above 1.5 GHz. The lower
frequency (below 1.5GHz) circuitry isal contained in asingle unit, the locd oscill ator /
intermediate frequency (LO/IF) modue. This unit converts transmit chirp signals from 15
MHz upto 1405MHz and downconverts received |F signals from 1405MHz to 5MHz.
The unit contains baoth upconversion channels and all four receve dannels and fitsinto
the equivalent of adoulde wide 6U-VME card.

The RF front-end electronics are unique to the arborne PR-2 design and consist of five
units: one locd oscill ator / up converter (LO/U) unit, two TWTAS and two waveguide
front end (WGFE) units. In the DC-8 install ation, the two TWTAs are stacked verticdly
in astandard rack with the LO/U in between them and the two WGFES are mourted on
top d the antenna presaure box, near the antennafeed. A calibrationloopisincluded for
ead channel. Thisfeeads ssme of the transmit power to the receiver, allowing in-flight
variations of the transmit power and recaver gain to be monitored and removed from the
data.

The digital eledronics consists of a cntrol and timing unit (CTU), an arbitrary
waveform generator (AWG), and adata processor. The CTU generates the pulse timing
and all other timing signals. It also provides control signasto RF. The AWG isloaded
with adigital version d thelinea FM chirp that isto be transmitted. The data processor
is based onFPGA techndogy. It performs pulse cmompresson and averaging in real-time.
Unlike ARMAR, which used afrequency domain puse compresson algorithm in pcst-
processng, the pulse mmpresson schemein PR-2 is based onred-timefiltering in the



time domain. The 4 MHz bandwidth receved signals are sampled at 20 MHz, then
digitally downconverted to complex samples, resultingin | and Q samplesat 5 MHz rate.
The data procesor also includes pulse-pair Dopper processng. The output of the
processor is the lag-0 (power) andlag-1 (complex Dopger data) for the - and cross
polarized channels at each frequency. A VME-based workstation runs the radar,
including ingesting and saving the processed data. Foll owing cdibration onthe ground,
the PR-2 data ae stored in aHDF format simil ar to that from the TRMM PR.

Table 1. Airborne PR-2 Parameters

Frequency 13.4GHz 35.6GHz
Polarization HH, HV HH, HV
Antenna diameter 0.4m 0.14m
Beanwidth 3.8eg 4.8deg
Antennagain 34iBi 33 dBi
Antenna sidelobe -30dB -30dB
Polarizationisolation -25 dB -25 B
Ped& power 200W 100W
Bandwidth MHz 4 MHz
Pulse width 1810 us 10-40us
PRF 5z 5 kHz
Verticd resolution 37m 37m
Horizontal resolution 800m 800m
GroundSwath 10k 10 km
Noise-equiv. Ze 5dBZ 5dBZ
(10 km range)

Dopger precision 0.4m/s >1m/s

3. PR-2 Data Collectionin CAMEX-4

PR-2 operated onall 13flights of the DC-8 during CAMEX-4. Parameters under
operator control were generally set to the same values throughou the experiment, with
the exception d the recave window attenuation, which must be varied with surface
brightness The pulse length was always st to 10microseconds and the PRF to 5000Hz.
The number of pulses averaged in red-time was 250. Thisis equivalent to abou 60
independent pulses. The devation angle of the antenna (i.e., alongtrack angle) was st
during flight to maintain a near zero Dopger from the surface, minimizing platform
motion contamination to the measured Dopper from precipitation. The platform motion
was estimated from the surface and subtraded during ground pocessng. The aimuth
scan limits were @ou +/- 23 degrees.

The commercia off-the-shelf Ka-band TWTA had a problem with faulting while
operating onthe DC-8. The problem was much lessfrequent in groundbased operation,
including onthe arcraft. This problem precluded acquisition d afull set of Ka-band
data. However, severa significant ssgments were acquired. The Ku-band channel



aquired data throughou the experiment. Table 2 below shows the data @lleded in
CAMEX-4.

Table 2. PR-2 Operation onCAMEX-4 DC-8 Hights

Flight No Date Comments

010406 8/18/01 Ku-band orly, someisolated convedive cells

010407 8/20/01 Ku-band orly, TS Chantal

010408 8/2501 Clea air, first Ka band return from ocean surface

010409 9/0301 Ka sporadic but obtained first dual-freq returns from
rain; Kafor several minutes around 1638nd 1705UTC

010410 9/06/01 Ku-band, some Ka over rain (17041712, 17491800,
1820, 184 problem with antenna scanning

010411 9/07/01 Ku-band, goodKaover rain (17591810)

010412 9/09/01 Ku-band ower stratiform rain; Ka 18261831, problem
with antenna scanning

010413 9/10/01 Clea air flight aroundHurricane Erin (littl e or no precip)

010414 9/1501 Ku and some Ka (22402250 datain TS Gabrielle

010415 9/1901 Mostly Ku-bandinisolated cdls, Ka17291731, 1920

010416 9/22/01 Ku and some goodKa (21462155 datain TS Humberto

010417 9/23/01 Ku and some Ka (near 0020UTC) in Hurricane
Humberto

010418 9/24/01 Ku with Kafrom 0011to 0028,in Hurricane Humberto




4. Data Format

Theraw PR-2 data ae saved in aPR-2 unique format. These data ae runthrough a
procesor which cdibrates the datato reflectivity Z, LDR, and welocity. A second
processor then uses these data and the DC-8 navigation datato crede ageolocated Level
1 B product. Thisproduct is saved in aHierarchicd Data Format (HDF) format similar
to the TRMM Predpitation Radar. Table 3 shows the objeds within the HDF format.

Table3. PR-2HDF Ohjeds

* Hleheala, 72 bytes

o  ScanTime, 4 bytes, nscan

« DC8 L&, 4 byte ncan

» DC8 Lon 4byte nscan

» DC8 Alt, 4bytes nscan

* Ray ssguencenumber, 2 bytes nscan xnray

* Rangeto I bin, 4 bytes nscanx nray

» SufaceBin Number , 4 bytes nscan x nray

*  Number pusesaveraged, 4 byte nscan xnray x 4

» Look\edor, 8 bytes nscan xnray x 3

* Reda sufaceDopyer, 4 byte, nscan xnray

» SufaceDopger from DC3 Nav., 4 bytes, nscan xnray
o Zhha Kuband 2bytes nscan xnray x nlins

» Dopgder a Ku-band, 2 bytes, nscan xnray x nlans

* LDRa Ku-band, 2 bytes, nscan xnray x nans

» Zhh a Kaband(if avalade), 2 bytes nscan xnray x nkins

Within Table 3, nscan is the number of scansin afile, nray isthe number of rays, or
beans, within ascan, and nbin is the number of binswithin aray. Thefirst fiveitemsin
Table 3 are stored as VVdata; the remaining items are Scientific Data Sets (SDSs). The
last four itemsin Table 3 are the PR-2 refledivity, Dopger, and Linea Depalarization
Ratio (LDR) data. The data dso include alook vedor which specifies the 3 comporents
of the antennarelativeto aglobal coordinate system with x being the arcraft ground
tradk and z being nadir. The predicted and olserved surface Doppers are dso provided.
The number of pulses averaged is the total number of samples that were used for the
radar measurements. The sequence number shoud be contiguous through afile. The
scantimeis £oonds snce 1l January 2001. The DC-8 lat and lon are floating point
values, as reported in the DC-8 navigationfiles. The dtitudeisthe DC-8 radar altitude,
converted to meters. The file header contains information abou the PR-2 data. These
are parameters that are constant over the entirefile. Table 4 shows the file header. A



sample IDL routineis available for reading PR-2 HDF data. FORTRAN or C code can
also be mnstructed using the HDF libraries avail able from NCSA.

Table 4: File header

Name Format Description
1 | PRF 4-byte integer | Pulse repetition frequency in Hz
2 | Pulse Length 4-byteinteger | Radar pulselengthin 1 wsunits
3 | Antenna Left 4-byteinteger | Antenna scan left-limit in deg.
4 | AntennaRight 4-byte integer | Antenna scan right-limit i n deg.
5 | Scan Duration 4-byteinteger | Scan time for antennain second * 100
6 | Return Duration 4-byte integer | Antennaretrace timein second * 100
7 | Ncycle 4-byteinteger | Number of pulse averaged by Wildstar board
8 | AZ Average 4-byte integer | Number of blocks averaged in abeam or ray
9 | Range average 4-byte integer | Number of 30m range cell saveraged in abin
10| Scan average 4-byteinteger | Number of scans averaged
11| Number of Bins 4-byte integer | Number of range binsin the ray
12 | Number of Beams 4-byteinteger | Number of raysin each scan
13| Range Bin Size 4-byteinteger | The vertical resolution d range bin
14| Z scalefador 4-byte integer | Fador multi plying reflectivity
15| V scdefador 4-byteinteger | Fador multiplying Dopger
16 | Vaid Kascan begin | 4-byteinteger | Scan number where the valid Ka data begin
17| Vaid Kascan end 4-byte integer | Scan number where the valid Kadata end
18| CaVersion 4-byteinteger | Version number of the cdibrationtable

In the murse of procesgng browse images are dso created. These ae saved in JPEG
format. They generaly show the nadir beam of PR-2 data versus along-trad time,
providing anadir slicefrom the data. On occasions other beams rather than nadir were
chosen onthe basis of interesting feauresin the data. The beam number islabeled onthe
image, with bean 11 being near nadir, beam 0 being leftmost beam, and beam 21 being
therightmost. Fig. 2 shows an example.
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Figure 2. Example browse image showing nadir view. Bright horizonta lineis surface
return. Verticd axisisatitude and haizontal axisistime.




5. CAMEX-4 Data Quality

The PR-2 data quality has been assessed by examining a number of engineering
parameters related to the radar’s gabili ty and calibration. Fig. 3 shows the observed
minimum detedable reflectivity Z for PR-2 at both frequencies. Thiswas derived from
clea-air observations. The values for both Ku-band and Ka-band are below 5 dBZ at 10
km range from the radar. The surfacereturn, alongwith puse cmmpresson sidelobes can
be see at approximately 12 kmrange. The pulse ammpresson sidelobes, rather than
thermal naise, limit the performance near the surface. Achieving such low pulse
compresson sidelobes required careful design of the transmit waveform and control of
gain and plese arors.

Also o concernisthe cdibration d the radar. Calibration can be verified using
observations of the ocean surface. Thistednique has been used previously with
ARMAR [3], sincethe ocean badkscatter near nadir iswell known, especially near 10
degrees incidence, where sensiti vity to wind speed isaminimum. Ocean backscater at
Ka-bandis much lesswell charaderized, although models show similar behavior to Ku-
band. At Ka-bandtherefledivity in very light rain shoud be nearly identicd to that at
Ku-band, since Rayleigh scattering shoud apply at bath frequencies. Observations of the
ocean surface with PR-2 show across dion rear 7 dB, which is closeto previous
measurements. The Ka-band data have reflectivities within abou 1 dB of the Ku-band
reflectivitiesin light rain. Ocean backscater observations from PR-2 are shown in Fig 4.
SurfaceDopper measurements can be compared with Dopder cdculated from the DC-8
navigation parameters and the PR-2 antenna pointing. Fig. 5shows sich a comparison,
indicaing the bias between the observed and calculated Dopper is very small.
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Fig. 3. Observed minimum detedable refledivity for PR-2 as afunction d range.
Surfacereturn and puse mmpresson sidelobes are visible & around 12 kn range.



PRE—2 14 GHz data(cross), TRMM PR global mean{dashed), and GMF{solid, 20 m/s}
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6. Known Problems

This sdion lists al known problems with the PR-2 v0.9 dita. Some of these problems
are caused by problemsin the raw data, whil e others are processng problems.

— Kaband TWTA had repeaed faults, al owing limited data olledion

— 9/6 and 99 flights had “stuck” antenna scanner; all datawere aquired with antenna
pointing at 25 degreesto left of nadir

— LDRrequiresinter-channel cdibration; still has moderate uncertainty at this point;
espedally true for Ka-band LDR, so only Ku-band LDRisin Level 1 B product

— Onanumber of casesthe overal Ku-band cdibration appears wrong, pobably
because of aprocessng a display bug thislikely ony aff eds the browse images

— Duringflight 010412 on 8, Dopger datais unusual, probably dueto error in
motion corredion

— Artificially highLDR can be seen at rain boundries dueto low signal to naseratio
in these aeas

— Antennasidelobes snow up as artifactsin datain some cases, e.g. 96 at 1741

— Noiseremoval occasionaly leaves naise strip (horizontal line & top o image or
below surface) e.g., 93 a 1540

7. Contact I nformation

This data shoud be mnsidered preliminary, and wsers shodd contad the PR-2 team
regardingit’s use, espedally before pulicaion a pulic presentation.

Contad information:

PR-2 PI: Dr. EastwoodIm, eastwoodim@jpl.nasa.gov, (818)354-0492

PR-2 Co-I: Dr. Steve Durden, sdurden@jpl.nasa.gov, (818)354-4719

PR-2 Data Processng: Dr. Li Li, li @chasm.jpl.nasa.gov, (818354-8349
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